BET bromodomain proteins are epigenetic readers required for oncogenic transcription activities, and BET inhibitors have been rapidly advanced into clinical trials. Understanding the effects of BET inhibition on other nuclear processes such as DNA replication will be important for future clinical applications. Here we show that BET inhibition causes replication stress in cancer and non-cancer cells due to a rapid burst in global RNA synthesis and interference of transcription with replication. We identify BRD4 as the main BET inhibitor target in this process and provide evidence that BRD4 inhibition causes transcription-replication interference through release of P-TEFb from its inhibitor HEXIM1, promoting RNA Polymerase II phosphorylation.
SUMMARY
BET bromodomain proteins are epigenetic readers required for oncogenic transcription activities, and BET inhibitors have been rapidly advanced into clinical trials. Understanding the effects of BET inhibition on other nuclear processes such as DNA replication will be important for future clinical applications. Here we show that BET inhibition causes replication stress in cancer and non-cancer cells due to a rapid burst in global RNA synthesis and interference of transcription with replication. We identify BRD4 as the main BET inhibitor target in this process and provide evidence that BRD4 inhibition causes transcription-replication interference through release of P-TEFb from its inhibitor HEXIM1, promoting RNA Polymerase II phosphorylation.
Unusually, BET inhibitor-induced transcription-replication interference does not activate the classic ATM/ATR-dependent DNA damage response. We show however that they promote foci formation of the homologous recombination factor RAD51. Both HEXIM1 and RAD51 are required for BET inhibitor-induced fork slowing, but rescuing fork slowing by HEXIM1 or RAD51 depletion activate a DNA damage response. Our data support a new mechanism where BRD4 inhibition slows replication and suppresses DNA damage through concerted action of transcription and homologous recombination machineries. They shed new light on the roles of DNA replication and recombination in the action of this new class of cancer drugs.
INTRODUCTION
The BET family of bromodomain containing proteins are epigenetic readers that bind to lysine-acetylated histone tails and regulate transcription by recruiting and activating Positive Transcription Elongation Factor b (P-TEFb). P-TEFb can occur in an inactive complex with 7SK-snRP, and two active complexes with BET protein BRD4 or the super elongation complex (SEC).
BRD4 activates P-TEFb by releasing it from 7SK-snRP, and recruits active P-TEFb to gene promoters (Quaresma et al., 2016) . Active P-TEFb facilitates RNA Polymerase II (Pol II) pause release by phosphorylating the RNA Pol II C-terminal domain (CTD) and other targets.
BET proteins are required for oncogenic transcriptional programmes, and specific small-molecule inhibitors of BET bromodomains promise a targeted cancer treatment (Delmore et al., 2011) . BET inhibition down-regulates MYC protein levels and kills tumour cells in a p53-independent manner (Da Costa et al., 2013) . In solid tumour cells however, BET inhibitor responses can be MYC independent (Lockwood et al., 2012) . Even though the molecular mechanisms surrounding BET inhibitor action are still poorly understood, BET inhibitors are already undergoing clinical trials in a wide range of cancers (Andrieu et al., 2016; Fujisawa and Filippakopoulos, 2017) .
More recently, BRD2 and BRD4 have been implicated in DNA replication and DNA damage responses (Da Costa et al., 2013; Floyd et al., 2013; Sansam et al., 2018) . BRD4 in particular interacts with DNA replication factors RFC, TICRR and CDC6 (Maruyama et al., 2002; Sansam et al., 2018; Zhang et al., 2018) . Inhibiting the interaction between BRD2/4 and TICRR slowed euchromatin replication, and it was suggested that BET proteins control DNA replication initiation to prevent interference between replication and transcription (Sansam et al., 2018) . BET inhibitors cause little or no DNA damage, but promote down-regulation of DNA replication stress response and -repair genes (Pawar et al., 2018; Zhang et al., 2018) . It is not known whether the latter are specific responses to BET inhibition affecting replication and repair. Investigating more direct effects of BET proteins and BET inhibition on DNA replication might help understand BET inhibitor action independently of cell type-specific transcription programmes and provide new insights into potential side effects and resistance mechanisms.
We previously reported that JQ1 treatment causes replication fork slowing in NALM-6 leukaemia cells, indicative of replication stress (Da Costa et al., 2013) . Replication stress occurs when the transcription machinery or other obstacles hinder replication fork progression, which promotes formation of mutagenic or cytotoxic DNA damage, especially double-strand breaks (DSBs). This is highly relevant to cancer therapy, as many conventional chemotherapies act by causing severe replication stress and collapse of replication forks into DSBs. However, non-toxic levels of replication stress can promote genomic instability, an unwanted side effect of cancer therapy (Kotsantis et al., 2015) .
Here we describe a new mechanism by which BET inhibition causes replication stress. We show that BET inhibition, and loss of BRD4, cause rapid up-regulation of RNA synthesis and transcription-dependent replication fork slowing in a pathway that depends on HEXIM1 and RAD51.
Unexpectedly, combination of BET inhibitor with HEXIM1 or RAD51 depletion prevents fork slowing but activates a DNA damage response, suggesting that replication fork slowing might help suppress BET inhibitor-induced DNA damage.
RESULTS
U2OS osteosarcoma cells were used as a well-characterised model for replication stress and DNA damage. Osteosarcoma is one of many cancers that have been proposed to benefit from BET inhibitor treatment (Lamoureux et al., 2014) . We confirmed that JQ1 treatment slowed replication as early as 1 h after drug addition ( Fig. 1A, B ). Replication was also slowed by lower concentrations of JQ1 and another BET inhibitor, I-BET151 ( Fig. S1A, B ).
As reported previously in NALM-6 cells (Da Costa et al., 2013) , replication forks speeds were recovered to control levels after 24 h incubation with JQ1.
We confirmed that this was not due to loss of JQ1 activity, since re-adding fresh JQ1 after 23 h did not slow fork speeds ( Fig. 1A, B ). This suggests that replication forks are rapidly slowed by JQ1 treatment, but eventually adapt.
Cell cycle distribution remained unaffected between 1-8 h JQ1 treatment, but cells started to accumulate in G1 after 24 h JQ1 treatment (Fig. S1C ). The lack of S phase arrest could be explained by compensatory new origin firing ( Fig. S1D ).
To investigate whether ongoing transcription contributes to JQ1-induced replication slowing, we quantified nascent RNA synthesis using nuclear incorporation of 5-ethynyluridine (EU) (Fig. 1C ). EU incorporation increased by around 35% after 1 h JQ1 treatment and throughout the time course ( Fig.   1D , E). Increased RNA synthesis was also observed in NALM-6 cells and in U2OS cells treated with I-BET151 ( Fig. S2A, B ). For an alternative approach, we isolated total RNA and normalised yields to cell numbers, showing that JQ1-treated cells contained more RNA overall ( Fig. 1F ).
To test whether replication fork slowing was transcription-dependent, we transiently inhibited RNA synthesis using transcription inhibitors triptolide, DRB and α-amanitin ( Fig. 1G ). These treatments inhibit on-going RNA synthesis and increased replication fork speeds specifically in presence of JQ1 ( Fig. 1H , I). Similar results were observed in BJ-hTert fibroblasts, an immortalised human non-cancer cell line ( Fig. S2C, D) . These data suggest that JQ1-induced replication stress depends on active RNA synthesis and this is not restricted to cancer cells.
We further tested the relationship between increased RNA synthesis and replication fork slowing in two additional chronic leukaemia cell lines, C2 and MEC1 ( Fig. S2E-H ). In summary, 1 h JQ1 treatment increased RNA synthesis in four out of five cell lines tested, and this was always accompanied by fork slowing (Fig. 1J ). Fork slowing was more dramatic in leukaemia lines compared to U2OS or fibroblasts. Only C2 cells appeared resistant to JQ1 effects, displaying neither increased RNA synthesis nor fork slowing.
We used siRNA to investigate which BET protein was the target of JQ1 induced replication-transcription conflicts. We first depleted BRD4, which interacts with DNA replication proteins RFC, TICRR and CDC6 (Maruyama et al., 2002; Sansam et al., 2018; Zhang et al., 2018) . BRD4 depletion increased RNA synthesis ( Fig. 2A -D) and reduced fork speeds ( Fig. 2E ). Adding JQ1 did not further affect fork speeds in BRD4-depleted cells ( Fig. 2E ). Ectopic expression of the long isoform of BRD4 ( Fig. 2F , G) and short transcription inhibitor treatments rescued BRD4 siRNA-induced fork slowing (Fig. 2H ). In contrast, depletion of BRD2 or BRD3 did not increase RNA synthesis and caused negligible fork slowing ( Fig. 2I-N) . These data suggest that BRD4 is the BET protein that prevents replication-transcription conflicts and is required for BET inhibitor-induced replication stress.
We then investigated the mechanism of increased RNA synthesis. It has been reported that both JQ1 and I-BET151 can change the equilibrium between the different P-TEFb complexes, disrupting the 7SK-snRP and increasing the proportion of active P-TEFb in complex with the SEC (Bartholomeeusen et al., 2012; Chaidos et al., 2014) . This increases transcription of a number of genes such as HEXIM1 (Bartholomeeusen et al., 2012; Rathert et al., 2015) .
Increased HEXIM1 levels eventually re-establish P-TEFb inhibition (Fig. 3A ).
We hypothesised that JQ1-induced replication-transcription conflicts could result from 7SK-snRP dissociation and increased RNA Pol II activity. In line with this, RNA Pol II CTD Serine2 phosphorylation was transiently increased during the first hours of JQ1 treatment ( Fig. 3B, C) . In addition to BET inhibitors, other drugs including hexamethylene bis-acetamide (HMBA) have been reported to dissociate 7SK-snRP from P-TEFb (Fujinaga et al., 2015) . If 7SK-snRP dissociation underlies BET inhibitor-induced fork slowing, then HMBA treatment should also slow replication, even though HMBA has no known connection to replication forks. Indeed, HMBA treatment slightly increased RNA synthesis and caused replication fork slowing, which was not further exacerbated by co-treatment with JQ1 ( Fig. 3D, E) . Finally, the short isoform of BRD4, which cannot effectively interact with P-TEFb (Schroder et al., 2012) , failed to rescue the effect of BRD4 knockdown on replication fork slowing ( Fig. 3F-H) .
We decided to further investigate the roles of HEXIM1 in JQ1-induced RNA synthesis and replication fork slowing. HEXIM1 depletion delayed the effects of JQ1, preventing the early increase in RNA synthesis and replication fork slowing. After 24 h JQ1 treatment however, RNA synthesis increased, accompanied by fork slowing (Fig. 3I-L) . These data suggest that early JQ1induced RNA synthesis and transcription-replication conflicts and replication recovery after 24 h JQ1 both require HEXIM1. However, we observed no increase in HEXIM1 protein levels or decrease in nascent RNA synthesis levels during 24 h JQ1 treatment, suggesting that the process of adaptation is more complex than a HEXIM1-mediated feedback loop suppressing transcription ( Fig. 3J ).
We then investigated the relationship between JQ1-induced fork slowing and DNA damage response. Replication fork slowing can expose single-stranded DNA (ssDNA) and, if forks collapse, cause DSBs. These activate the ATR and ATM checkpoint kinases and p53. However, JQ1 does not activate p53 (Da Costa et al., 2013) or induce DNA damage (Pawar et al., 2018) . In line with this, we observed no JQ1-induced increase in ssDNA or DSBs as measured by nuclear foci formation of RPA and 53BP1, or phosphorylation of the ATM and ATR targets histone H2AX (γH2AX, Fig. 4A ), CHK1 or RPA32 ( Fig. S3A ).
BRD4 depletion also failed to induce DNA damage foci ( Fig. S3B ).
Unexpectedly however, JQ1 treatment induced foci formation of the homologous recombination factor RAD51, which depended on ongoing transcription and ATR activity ( Fig. 4B-D, S3C ). This suggested that RAD51 is recruited in response to JQ1-induced transcription-replication conflicts, aided by a basal level of ATR activity. We used siRNA to investigate the impact of RAD51 on replication fork progression in JQ1-treated cells (Fig. 4E ).
Interestingly, RAD51 depletion prevented JQ1-induced fork slowing ( Fig. 4F , G). This phenomenon, previously reported for DNA damaging treatments, is suggestive of RAD51 recruitment to forks and fork reversal (Zellweger et al., 2015) . We investigated whether RAD51 suppresses RNA synthesis, like HEXIM1. RAD51-depleted cells displayed high levels of RNA synthesis both in presence and absence of JQ1, making these data difficult to interpret ( Fig.   4H ). Nevertheless, we concluded that RAD51-dependent rescue of fork speeds was not due to global loss of transcription. Transient overexpression of RAD51 was able to promote fork slowing after 24 h JQ1 treatment, additionally supporting that RAD51 directly slows forks in response to JQ1 ( Fig. 4I ). We then tested the effect of RAD51 depletion on JQ1-induced DNA damage. Interestingly, despite rescuing fork progression, RAD51 depletion actually promoted DNA damage as indicated by foci formation of γH2AX and 53BP1 ( Fig. 4J-L ). This suggests that RAD51 is a major factor preventing DNA damage at JQ1-slowed replication forks.
Because HEXIM1 depletion had also rescued fork progression, we tested the effect of HEXIM1 depletion on DNA damage. Indeed, HEXIM1-depleted cells accumulated DNA damage early during JQ1 treatment that persisted after 24 h JQ1 (Fig. 4M, N) . In agreement with the increased DNA damage, HEXIM1depleted cells were more sensitive to 24 h JQ1 treatment than control cells, as were ATR inhibitor-treated cells (Fig. S3D ). This suggests that both HEXIM1, which is upstream of transcription-replication conflicts, and RAD51, which acts downstream of these conflicts, slow replication forks and prevent JQ1 from inducing DNA damage (Fig. 4O ).
DISCUSSION
We report that BET inhibitor-induced P-TEFb activation causes transcriptiondependent replication fork slowing. This process depends on HEXIM1, which is a central factor in the BET inhibitor response, and the homologous recombination factor RAD51, which is central in the replication stress response. Unusually, BET inhibitor-induced replication stress is transient and, despite engaging RAD51, does not activate a full DNA damage response. We speculate that these unusual transcription-replication conflicts will help illuminate some aspects of BET inhibitor treatment responses. Intriguingly, loss of both HEXIM1 and RAD51 have been implicated in BET inhibitor resistance.
Our data provide new insight into the roles of BRD4 in DNA replication. It has been reported that BRD4 interacts with DNA replication factors RFC, TICRR and CDC6 (Maruyama et al., 2002; Sansam et al., 2018; Zhang et al., 2018) .
We show here that BRD4 also regulates DNA replication via its P-TEFb interaction. The BRD4 short isoform failed to rescue replication stress, despite containing the interaction domains for TICRR and RFC (Maruyama et al., 2002; Sansam et al., 2018) . The interaction with CDC6 has not been mapped (Zhang et al., 2018) . Our data do not suggest that TICRR and RFC are involved in the phenotypes described here. Instead they support previous reports that short-term BET inhibitor treatments are associated with increased P-TEFb activity (Bartholomeeusen et al., 2012; Chaidos et al., 2014) , and we show that this also involves increased RNA synthesis. We previously reported that overexpression of oncogene H-RAS V12 , or transcription factor TBP increase nascent RNA synthesis and cause replication stress (Kotsantis et al., 2016) . BET inhibitors present a way in which small molecule inhibitor treatments can cause replication stress by increasing RNA synthesis. Any treatments that disrupt the complex of P-TEFb with 7SK-snRP, including other cancer drugs such as HDAC inhibitors and azacytidine (Fujinaga et al., 2015) , could potentially cause transcription-replication conflicts through this pathway.
Strikingly, our findings suggest that HEXIM1 is required for BET inhibitorinduced replication fork slowing, which is delayed by at least 8 hours in absence of HEXIM1. After 24 hours, JQ1-induced gene expression changes or possible compensation with HEXIM2 (Byers et al., 2005) will make these later effects harder to interpret. HEXIM1 depletion has been associated with long-term BET inhibitor resistance. Our findings do not conflict with these reports, as BET inhibitor resistance in HEXIM1-depleted cells was only observed after prolonged (>24 hour) treatment (Devaraj et al., 2016) . It was proposed that HEXIM1 loss decreases overall JQ1 effectiveness by allowing higher P-TEFb activity (Devaraj et al., 2016) . Importantly, we show that HEXIM1 depletion can actually promote JQ1 effects, such as DNA damage. In addition to modulating transcription-dependent fork slowing, HEXIM1 might play undiscovered roles in replication stress and DNA damage response. It may be relevant that HEXIM1 also regulates p53 (Lew et al., 2012) .
Nevertheless, we observed JQ1-induced replication fork slowing in a p53 mutant cell line. Highly variable HEXIM1 protein levels have been observed in cancers, including reduced HEXIM1 levels in metastatic breast cancer (Ketchart et al., 2013 ), melanoma (Tan et al., 2016 , and acute leukaemia (Devaraj et al., 2016; Huang et al., 2016) . It will be important for cancer researchers to further investigate the relationship between HEXIM1, replication stress, and the response to cancer treatment.
Homologous recombination capacity in cancer cells is a well-established
predictive biomarker for the response to replication stress-inducing treatments. RAD51 loading is known to actively slows forks in response to a variety of genotoxic agents (Zellweger et al., 2015) . We show that BET inhibition also activates RAD51, likely due to increased transcription, and that RAD51 promotes fork slowing in response to BET inhibitor. RAD51 may slow forks at sites of direct collisions between replication and transcription machineries, or perhaps also in response to indirect effects of transcription on replication. RAD51 expression is down-regulated in response to BET inhibition (Yang et al., 2017) and in models of acquired BET inhibitor resistance (Pawar et al., 2018) . Intriguingly, acquired BET inhibitor resistance models also displayed increased DNA damage signalling (Pawar et al., 2018) .
This agrees with our data that RAD51 downregulation increases DNA damage signalling.
Our data support a speculative model where loss of HEXIM1 or RAD51 allows normal replication fork progression in the presence of BET inhibitor, but at the expense of DNA damage. Such a process may even contribute to long-term BET inhibitor resistance. While it is extensively documented that transcriptionreplication conflicts promote DNA damage, BET inhibition seems to induce DNA damage when such conflicts are prevented. This damage might e.g. result from reduced chromatin recruitment of chromatin remodellers (Floyd et al., 2013) or DNA replication proteins (Sansam et al., 2018; Zhang et al., 2018) (Fig. 4O) . The underlying mechanisms, and how they relate to BET inhibitor response, will require future investigation. In summary, we provide new insights into the relationship between BET proteins, DNA replication and DNA damage response that will be relevant to cancer research.
EXPERIMENTAL PROCEDURES

DNA fibre analysis
Cells were labelled with 25 μM CldU and 250 μM IdU for 20 min each and DNA fibre spreads prepared. HCl-treated fibre spreads were incubated with rat anti-BrdU (BU1/75, Abcam, 1:250) and mouse anti-BrdU (B44, Becton Dickinson, 1:500) for 1 h, fixed with 4% PFA and incubated with anti-rat AlexaFluor 555 and anti-mouse AlexaFluor 488 (Thermo Fisher) for 1.5 h.
EU incorporation assay
5-ethynyl uridine (EU) incorporation assays were performed using the Click-iT RNA Alexa Fluor 594 Imaging Kit (Invitrogen). Cells were incubated with 1 mM EU for 1 h, followed fixation and Click-iT reaction according to manufacturer's instructions. DNA was counterstained with DAPI. Nuclear masks were generated in ImageJ to quantify mean fluorescence intensities per nucleus. Results were normalised to control/DMSO to account for variation in staining intensity.
Statistical analysis
Values are means +/-1x SEM of at least three independent repeats, unless indicated otherwise. Statistical tests were the one-tailed student's t-test, or 2way ANOVA with Tukey's for colony assays. Unless indicated otherwise, asterisks compare to control and signify *p<0.05, **p<0.01, ***p<0.001. Da Costa, D., Agathanggelou, A., Perry, T., Weston, V., Petermann, E., Zlatanou, A., Oldreive, C., Wei, W., Stewart, G., Longman, J., et al. (2013) . BET inhibition as a single or combined therapeutic approach in primary paediatric B-precursor acute lymphoblastic leukaemia. Blood Cancer J 3, e126.
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